Abstract. The dynamic behavior of circular straight and stepped tubes made of aluminum alloy under high-velocity impacts was investigated by performing finite element analyses (FEA) and an experiment. The FEA and experiment on the straight tubes suggested that while an increase in the impact velocity enhanced the absorbed energy through compressive deformation just after impact, the peak load at the fixed end was not affected by the velocity. A stepped tube that was thicker near the impacted end was designed on the basis of the results for the straight tubes, and its dynamic behavior was investigated through FEA. The stepped tube absorbed a large amount of impact energy through compressive deformation at the thicker portion during the higher-velocity impact, without increasing the maximum fixed-end load from that of the straight tube.
Introduction
There are demands for vehicles to meet higher safety requirements in order to protect passengers during traffic accidents. Recently, high-speed vehicles, such as linear motor cars, have been developed. The structural components of these vehicles must absorb sufficient energy and reduce the impact load even if the vehicle collides to another object at high velocity.
Thin-walled tubes have been used as impact energy absorbers because they progressively buckle to absorb energy under axial low-velocity impacts [1] [2] [3] [4] [5] [6] . To increase the amount of energy absorbed in low-velocity impacts, many structural elements with various shapes have been proposed [7, 8] . Moreover, the dynamic crushing behavior of thin-walled tubes under high-velocity impacts has been experimentally [9, 10] and numerically [10] [11] [12] [13] [14] [15] [16] investigated in terms of the buckling modes and energy absorption. Several numerical studies [10, [12] [13] [14] 16 ] have suggested that a higher impact velocity enhances the energy absorbing capability of thin-walled tubes because a large portion of the initial impact energy can be absorbed by compressive deformation before progressive buckling begins. The effect of the impact velocity on not only the energy absorbing characteristics but also the impact load output through the thin-walled tube (namely, the impact load at the fixed end of the tube [10, 17] ) should be clarified in order to use thin-walled tubes as impact absorbers in vehicle structures.
In this study, the dynamic behavior of aluminum-alloy circular tubes under high-velocity impacts was investigated by performing finite element analyses (FEA) and an experiment to improve energy absorption of the circular tubes for high-velocity impacts. The FEA and experiment on circular straight tubes with uniform diameters subjected to an axial impact clarified the effect of the impact velocity on the energy absorption characteristics as well as the peak load. On the basis of the results for straight tubes, a stepped tube that was thicker near the impacted end was designed to enhance the energy absorption characteristics in compressive deformation. The energy absorbing characteristics of the stepped tube was analyzed on the basis of the results of the FEA.
Dynamic Behavior of Straight Tubes
Experimental Procedure. Special experimental equipment was built for the high-velocity impact tests, the schematic diagram of which is shown in Fig. 1 . The equipment mainly consisted of an air gun for launching an impactor and a load cell. Figure 2 shows the details of the impactor. The impactor was composed of steel (JIS S45C) for striking a specimen and polyoxymethylene (POM) for low-friction motion through the gun barrel. The mass of the impactor was 58 g. The impactor was launched by releasing compressed air through the gun barrel bore: 20 mm, length: 1.5 m. The impact velocity was measured with a velocity pickup placed at the end of the barrel. The impact velocities approximately ranged from 20 to 100 m/s.
The specimens were circular straight tubes having an inner diameter of 17 mm and they were made of aluminum alloy (JIS, A6063TD-T6), which is not affected by the strain rate [5, 6] . Figure 3 shows the geometry of the specimens. The length and thickness were adjusted to 50 mm and 0.6 mm by machining the outer surface of the circular tubes with a lathe. The specimens were not heat-treated after machining. In order to ensure stable collapse of the specimen, a steel plate (30 mm long, 30 mm wide and 1.6 mm thick) was attached to the impacted end of a specimen by cyanoacrylate adhesive (Loctite LKK-020, Henkel). The specimen was also attached to the left end surface of the load cell by adhesive.
In order to accurately measure the axial load history at the fixed end of the specimen, the load cell was made of a long steel (JIS S45C) bar of 4 m in length and 20 mm in diameter. Two semiconductor strain gages (KSP-2-120-E4, Kyowa) were attached 300 mm from the left end of the load cell, to measure longitudinal strains without bending strains. The elastic wave velocity of the bar was approximately 5.1×10 3 m/s. The axial load history could thus be measured for 1.4 ms without an interference from the reflected wave from the opposite end of the load cell. The displacement of the impactor was measured as the axial deformation of the specimen by using an optical displacement transducer (Model 100B, Zimmer).
Static compression tests were also carried out on a universal testing machine (Autograph DCS-25T, Shimadzu), which applied an axial compressive load through flat end platens. The compressive displacement rate was 8. 
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Finite Element Analysis. The FEA was conducted by using explicit finite element code (Hyperworks Altair RADIOSS, ver. 11.0) to investigate the dynamic behavior of the cirucular straight tubes made of aluminum alloy subjected to axial impacts.
In the FEA, the constitutive equation for aluminum alloy (A6063-T6), which is insensitive to the strain rate, was the Ludwik equation: σ = σ y + H (ε p ) n , where σ and ε p are true stress and plastic true strain, and σ y (= 195 MPa) is yield stress, H (= 142 MPa) is the strain hardening coefficient and n (= 0.2) is the strain hardening exponent. Young's modulus, Poisson's ratio, and density were 69.7 GPa, 0.3 and 2690 kg/m 3 . The geometry of the straight circular tube was the same as the ones in the experiment; namely, the average diameter was 17.6 mm, thickness was 0.6 mm, and length was 50 mm. The straight circular tube was modeled with fully integrated four-node shell elements (QBAT) based on the Q4γ24 shell of Batoz and Dhatt [18] , thereby allowing the thickness to be changed by large in-plane deformations.
The tube was fixed to a rigid wall and was struck axially by the rigid body with an impact velocity, V 0 , ranging from 5 to 100 m/s. The mass of the rigid body was selected depending on V 0 , so as to keep the initial impact energy (rigid body's kinetic energy) constant (100 J). The friction coefficient between the circular tube and rigid body/wall and the self-contact on the inner and outer surfaces of the circular tube was assumed to be 0.2.
The FEA computed not only the axial load on the fixed end of the tube but also the load at the impacted end of the tube. The energy absorbed by the circular tube, E ab , was defined as the external work imparted from the rigid body to the circular tube, i.e.,
where P I (t), u (t) and t are the axial load at the impacted end, the displacement of the rigid body and time.
Results and Discussion. Figure 4 shows the histories of the axial loads at the fixed end and the displacements of the straight aluminum alloy tubes obtained from the experiment and FEA at an impact velocity of 60 m/s. The shape of the straight tube after impact is shown in Fig. 5 .
Figures 4 and 5 indicate that the FEA and experiment had similar load and shapes after impact, although the maximum displacement of the FEA was a little smaller than that of the experiment. These results therefore indicate the FEA was sufficiently accurate in depicting dynamic behavior of the tube. Figure 6 shows the axial load-displacement curves of the straight tube at impact velocities of 100 and 5 m/s obtained by the FEA for typical cases of high-and low-velocity impact. The axial loads at the impacted and fixed ends were different under the high-velocity impact (Fig. 6(a) ), because the inertia effect of the tube becomes significant in the high-velocity impact; in contrast, both loads under the low-velocity impact were approximately the same (Fig. 6(b) ). In addition, the maximum displacement in the high-velocity impact was smaller than in the low-velocity case because a large portion of the energy at the initial loading from the high-velocity impact was absorbed by compressive deformation [10, [12] [13] [14] 16] . Figure 7 plots the changes in the first peak loads at the impacted and fixed ends with the impact velocity. This figure includes the result for the static test. The first peak loads at the impacted end increased as the impact velocity exceeded 20 m/s because the impact stress involving the strain hardening effect exceeded the yield stress [12, 13] . In contrast, the first peak loads at the fixed end at the impact velocities above 20 m/s were constant.
Dynamic Behavior of Stepped Tubes
On the basis of the results for the straight circular tube, a stepped tube that was thicker near the impacted end was designed to enhance the energy absorption due to compressive deformation just after impact. The dynamic behavior of the stepped tube was numerically investigated with an FEA. The geometry of the stepped tube is illustrated in Fig. 8 . The total length was 100 mm, the average diameter over the whole length was the same as that of the straight tube, namely, 17.6 mm, and the Proceedings of the 8-th International Symposium on Impact Engineering thicknesses near the impacted and fixed ends were 2 and 0.6 mm, respectively. The numerical conditions were the same as those for the straight tube. Figure 9 shows the axial load-displacement curves of the stepped tubes for a high impact velocity (100 m/s) and low impact velocity (5 m/s). As shown in Fig. 9(a) for the high-velocity impact, the first peak load at the impacted end was three times larger than that of the straight tube in Fig. 6(a) , because the ratio of the thickness at the impacted end of the stepped tube to that of the straight tube was 2 mm / 0.6 mm. On the other hand, the maximum load at the fixed end of the stepped tube ( Fig. 9(a) ) during the entire crushing process was the same as that of the straight tube (Fig. 6(a) ) because the fixed ends of the stepped and straight tubes were the same thickness. The maximum displacement in the high-velocity impact ( Fig. 9(a) ) was much less than in the low-velocity case (Fig. 9(b) ); this result was similar to that of the straight tube in the low-velocity case (Fig. 6(b) ). Figure 10 shows the absorbed energy-displacement curves of the straight and stepped tubes for impact velocities of 5 and 100 m/s. In the high-velocity impacts, approximately 80% of the impact energy (100 J) could be absorbed by the stepped tube because of the higher first peak at the impacted end load. Thus, increasing only the thickness at the impacted end of the tube not only dramatically enhanced the energy absorption due to the compressive deformation in the high-velocity impacts but also did not increase the maximum load at the fixed end from that of the straight tube. 
Summary
This paper described the dynamic behavior of aluminum alloy circular tubes subjected to high-velocity impacts on the basis of a finite element analysis (FEA) and experiment.
The FEA of the circular straight tubes made of aluminum alloy subjected high-and low-velocity impacts confirmed that while an increase in the impact velocity enhanced the absorbed energy through compressive deformation just after impact, the peak load at the fixed end of the straight tube was not affected by the velocity above 20 m/s. In addition, the high-velocity impact tests verified the FEA results.
On the basis of the results for the straight circular tube, a stepped tube having larger thickness only near the impacted end was designed to enhance the energy absorption through compressive deformation just after impact. An FEA was conducted to investigate and the results showed that by increasing the thickness at the impacted end of an aluminum alloy tube, the energy absorption through compressive deformation just after impact at high-velocities could be dramatically enhanced while the maximum fixed end load did not increase from that of the straight tube.
